The crypt is a minimal functional unit in the intestinal epithelium. This unique structure is maintained by surrounding mesenchymal cells that focally interact with associated epithelial cells. Canonical and non-canonical Wnt ligands enable specific microenvironments localized to each end of the crypt major axis. While canonical Wnt-expressing cells are localized near the crypt bottom where intestinal stem cells reside, non-canonical Wnt-expressing cells are positioned beneath the luminal surface of epithelial cells. During wound healing, propagation and appropriate relocation of each cell population are thought to ensure subsequent crypt regeneration. In this review, I integrate information from recent studies on Wnt-expressing cells and intestinal fibroblast lineages and discuss their roles in homeostasis and wound healing. More information on the lineages of Wnt-expressing cells will help clarify the mechanisms of epithelial tissue formation.
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Epithelial tissues are composed of a number of small epithelial units and surrounding stromal components. Each epithelial unit contains several types of cells, including functionally differentiated cells, their precursors and stem/progenitor cells. In the mammalian intestines, epithelial cells form numerous test tube-like invaginations termed as crypts of Lieberku¨hn. Intestinal stem cells reside at or near the bottom of the crypts and continuously supply precursors of functionally differentiated cells, such as absorptive columnar, goblet, Paneth and enteroendocrine cells, to the luminal side (1) . The intestinal crypt is a minimally functional unit of epithelial cells and can increase in number by a ''fission'' mechanism (2) . Crypts resemble independent simple organisms in their self-renewal and self-contained properties. However, their homeostasis and regeneration appear to be controlled by environmental cues. In this review, I focus on the distinct roles of canonical and non-canonical Wnt-expressing cells in the intestinal homeostasis and wound healing, based mainly on our previous studies using a unique biopsy injury system employing mouse colonic tissue (3). This will provide clues to understand the fundamental principles of a dichotomy between canonical and non-canonical Wnt pathways, that has been preserved during evolution. To simplify the narrative, I do not include Notch, Hedgehog or bone morphogenetic protein (BMP) signaling pathways, but note that these pathways also play important roles in intestinal morphogenesis.
Biochemical Features of Wnt Ligands
Wnt ligands are known to be localized signaling factors because of their hydrophobicity and high affinity for the cell surface and extracellular matrix (ECM) (4, 5) . The former property is attributed to their fatty acylation that is catalysed by porcupine, a membranebound O-acyltransferase (6) . Fatty acylation of Wnt proteins is required for their intracellular transportation and secretion mediated by the transmembrane protein Wntless (7) in addition to tight binding to the frizzled (FZD) receptors (8) . Also localization of Wnt ligands on the cell surface and ECM is due to their high affinity for heparan sulfate proteoglycans (HSPGs) (9) . Wnt-expressing cells can focally target associating cells because of these biochemical properties and thus establish a microenvironment suitable for fine-tuning of the tissue structure.
Wnt-Secreting Cells in the Normal Intestines
Multiple Wnt ligands are expressed in the intestinal mesenchymal and epithelial cells (10) . These cells form the core of various microenvironments. The most well-characterized microenvironment in the intestines is that of the stem cell niche localized near the crypt bottom. The stem cell niche is composed of canonical Wnt ligands secreted by both stromal and epithelial cells (11) . Several loss-of-function studies have confirmed the indispensability of canonical Wnt signaling that leads to b-catenin-dependent transcription for maintenance of the intestinal epithelium (1214). In the small intestine, Paneth cells expressing Wnt3 establish a niche for leucine-rich repeat-containing G protein-coupled receptor 5 (Lgr5)-positive stem cells, termed as crypt base columnar cells (CBCs) (Fig. 1 (19) , the Wnt2b-expressing cell population may be an important target to investigate the intestinal stem cell niche.
Another possible component of the stem cell niche is R-spondin proteins that enhance Wnt signaling by binding to Lgr4/5/6 (20) . In culture in vitro, it is essential to co-treat with canonical Wnt and R-spondin proteins to maintain intestinal organoids/spheroids (21, 22) . The main source of R-spondin in the intestines remains unclear, although R-spondin 3 is expressed in the intestinal mesenchymal cells (23, 24) . Systemic R-spondin 1 injection in vivo induces hyperplasia of the intestinal epithelium (25) , suggesting that circulating R-spondin molecules (or their equivalents) also modulate the intestinal stem cell niche in response to changes in systemic conditions as chronic viral infection stimulates proliferation of the intestinal stem cells (26) .
The non-canonical Wnt ligands also provide a unique microenvironment in the intestines. Wnt5a, a representative non-canonical Wnt ligand, is expressed in stromal cells beneath villus epithelial cells in the small intestine and surface epithelial cells in the colon (Fig. 1) (10) . Wnt5a stimulates diverse downstream pathways, including those involving calcium-and Rho/Rac-signaling and the c-jun N-terminal kinase (JNK) pathways (27) . Furthermore, Wnt5a activates and suppresses the b-catenin signal in a context-dependent manner (28) . The roles of non-canonical Wnt in the intestinal homeostasis are not well understood. During development, Wnt5a promotes extension of the anteriorposterior (AP) and proximaldistal (PD) axes. Wnt5a-deficient mice exhibit truncated bodies, short gut tubes and shortened limb buds (29, 30) . A null mutation of Fzd5, a Wnt5a receptor, results in embryonic lethality caused by defects in yolk sac and placental angiogenesis (31) . These developmental studies strongly suggest the involvement of Wnt5a in angiogenesis in growing and regenerating tissues. Consistently, non-canonical Wnt ligands stabilize blood vessels by inducing proliferation and survival of endothelial cells (32) . Because localization of Wnt5a-expressing cells in the intestines overlaps with that of microvasculature networks (33, 34) , the non-canonical Wnt niche may determine the distal components of tissues by establishing the capillary structure. This localization pattern also suggests their roles in immune surveillance and inflammatory responses. In fact, Wnt5a-expressing cells co-localize with CD11 + dendritic cells in ulcerative lesions of the dextran sodium sulfate (DSS)-treated mouse colon (35) . Importantly, Wnt5a enhances Th 1 differentiation by stimulating dendritic cells, which may support the early response to mucosal injury (35) .
The Colonic Biopsy Injury Model
The intestinal injury is an excellent model to study wound healing in adult tissues because crypts are regularly arranged in a plane, which facilitates macroscopic and microscopic observation of cell migration. Chemically induced colitis has been used widely as a model of human intestinal bowel disease (IBD) (36) . Treatment of rodents with chemical reagents, such as DSS or 2,4,6-trinitrobenzenesulfonic acid (TNBS), provokes strong inflammatory responses that cause severe ulceration and extensive crypt depletion. In such models, however, it is difficult to control the extent of injury and to determine the origin of epithelial stem cells that replenish damaged mucosa. In addition, certain immune cells and their secreting cytokines/chemokines affect the timing and outcome of wound healing.
To minimize the effects of immune cells and to control the size of induced wounds, we have developed a unique colonic biopsy injury model (3). We focally excised mouse colonic mucosa using biopsy forceps under endoscopic guidance. This model injury system enables the creation of even-sized oval-shaped wounds accompanied with loss of several hundreds of crypts. With this system, we can reproducibly track morphological changes during specific stages of wound healing (3, 23) ( Fig. 2A) . After biopsy injury, a layer of squamous epithelial cell migrates from the adjacent uninjured crypts and envelops the wound surface by day 4 post-injury. These wound-associated epithelial (WAE) 
Regeneration and Reorganization of Mesenchymal Niches in Wound Healing
During colonic wound healing after biopsy injury, accumulation of stromal cells in the wound bed precedes regeneration of epithelial components, suggesting that stromal cells control epithelial cell proliferation, migration, and differentiation spatially and temporally (37) .
In the wound bed 4 days after biopsy, expression levels of canonical Wnt ligands and R-spondin proteins are comparable with those in the uninjured mucosa, suggesting that additional Wnt signaling activation is not necessary for expansion of epithelial stem/progenitor cells. Because intestinal stem cells continue to proliferate during homeostasis, the key for wound channel migration may be proper guidance of the newly formed stem cell niche.
Failure of mesenchymal regeneration causes impaired wound healing. Prostaglandins (PGs) are important mediators of inflammation that maintain mucosal integrity after gastrointestinal injury. Genetic loss or pharmacological inhibition of cyclooxygenase 2 (COX-2), a key enzyme for prostaglandin synthesis during inflammation, results in smooth muscle degradation under the biopsy wound (38) . Degraded smooth muscle layers are replaced with the granulation tissue, including blood vessels and macrophages (Fig. 2B) . Epithelial cells do not migrate over such granulation tissue, indicating that entry of epithelial cells into the wound requires appropriate regeneration of the mesenchymal substratum, including the stem cell niche, which needs intact muscle layers.
In contrast to canonical Wnt ligands, Wnt5a is highly upregulated in the wound bed (23) . Majority of Wnt5a-expressing cells are localized beneath WAE cells. This distal expression pattern of Wnt5a in the growing wound bed mesenchyme appears to recapitulate distal outgrowth in developmental stages. In addition, distal non-canonical Wnt expression in regenerating tissues has been reported in hydra and zebrafish (39, 40) . Given the parallels among species and organs, it is speculated that non-canonical Wnt signaling re-establishes the proximal-distal axis in the damaged tissue. Wnt5a also modulates colonic epithelial morphogenesis during wound healing. A subpopulation of Wnt5a-expressing cells intimately attaches to Wnt-expressing cells in intestinal wound healing the bottom of the wound channels where canonical Wnt signal is activated (Fig. 2A) . We found that these cells preferentially localize to epithelial clefts composed of post-mitotic cells (Fig. 2A) . Because Wnt5a-deficient mice showed impaired crypt regeneration (Fig. 2C) , we concluded that Wnt5a-expressing cells inhibit the stem cell niche to create gaps of proliferation that result in compartmentalization of elongated wound channels. Counteraction of noncanonical Wnt on canonical Wnt signaling can be a common mechanism to terminate regeneration processes, as suggested in zebrafish fin regeneration (40) .
Non-canonical Wnt signaling is implicated in planar cell polarity (PCP) that is the driving force of ''convergent extension'' of the body axis in vertebrate development (41) . At the cellular level, the PCP pathway regulates cell shape and movement through multiple downstream effectors (41) . In the developing small intestine, the PCP pathway controls oriented cell division and apico-basal polarity of epithelial cells (42) . However, subdividing wound channels in the colonic wound and colonic spheroids associated with Wn5a-soaked beads in vitro form ''folding'' rather than ''budding'' ( Fig. 2A) (23) , suggesting that epithelial cells in the adult intestines lose such morphological flexibility. It remains to be elucidated if the PCP pathway is involved in formation of wound bed mesenchyme. In the context of axis formation, it will be critical to follow the movement and differentiation of individual cells in the wound bed.
Characterization of Wnt-Expressing Cells
Ablation of a Wnt gene using conditional targeting often results in partial or no defects because of compensation by other Wnt species. Other approaches to unveil the specific roles of the Wnt-expressing cell population include ablation of cells using a cre-inducible diphtheria toxin receptor (43) and inhibition of Wnt secretion by targeting porcupine or Wntless. Such approaches need conditional cre expression driven by lineage-specific promoters.
Intestinal subepithelial myofibroblasts (ISEMFs) that closely attach to the crypts were initially potential candidates for the stem cell niche (44) . However, inhibition of Wnt secretion from myofibroblasts did not affect intestinal homeostasis (45) . Several lines of evidence suggest that Wnt-expressing cells in the intestines are subepithelial fibroblasts (23, 35, 46, 47) . In particular, a recent study clearly demonstrated that winged-helix transcription factor forkhead box l1 (Foxl1)-positive fibroblasts are responsible for the intestinal stem cell niche (46) . Depletion of Foxl1-positive cells results in disruption of the epithelial layer, possibly caused by loss of stem cells in the small intestine and colon. Importantly, Foxl1-positive cells express Wnt2b, Wnt5a and R-spondin 3, indicating that this cell population produces the principal agents involved in intestinal wound repair. Because localization of Wnt5a-expressing cells is clearly distinct from that of the stem cell niche, Foxl1-positive fibroblasts may be divided into at least two subpopulations that express canonical and non-canonical Wnt ligands, respectively.
The spindle-like morphology and ability to produce ECM are characteristic of fibroblasts, but they do not represent a single cell population. Although it is difficult to subtype fibroblasts with specific markers (48) , there are various subpopulations, as reported in previous studies of dermal fibroblasts that memorize their own location according to the ''Hox code'' (49, 50) . For example, HoxA13 marks distal limb buds during development and induces Wnt5a expression. This trait is retained in adult fibroblasts located in the foot dermis (49) . It is likely that expression patterns of transcription factors, including Hox and Fox proteins, generate a diversity of tissue-and location-specific fibroblasts.
We reported that Wnt5a-expressing cells are negative for a-smooth muscle actin (myofibroblast) and bcatenin (endothelial cell) (23) , suggesting that these cells comprise a sub-population of Foxl1-positive fibroblasts. Wn5a-expressing cells arise also from mesothelial cells, and a proportion of these cells migrate into the wound bed (23) . Mesothelial cells are mesoderm-derived epithelial cells that form a serosal layer and are known to migrate into gut tissues and subsequently trans-differentiate into mesenchymal cell lineages during development (51) . In adult tissues, mesothelial cells exhibit epithelialmesenchymal transition in response to injury and they also contribute to development of fibrosis (52) .
It remains uncertain how variable intestinal fibroblast lineages are and how much they retain plasticity for differentiation. In the early phase of colonic wound healing, COX-2-positive fibroblasts arise first, before Wnt-expressing cells (38, 53) . This population comprises tissue-resident (colonic) mesenchymal stem cells (cMSCs) that can differentiate into osteocytes and adipocytes in vitro (54). COX2-positive cMSCs mainly produce PGE 2 and PGI 2 (54) . PGE 2 induces differentiation of intestinal stem cells into WAE cells through activation of the cyclic AMP signaling pathway (55), whereas PGI 2 prevents necrosis of the smooth muscle cells through vascular endothelial growth factor (VEGF)-dependent angiogenesis (53) . Despite their multipotency, no evidence has been presented to show that cMSCs can differentiate into Wntexpressing fibroblasts in vivo. Further lineage-tracing experiments need to be performed to determine the hierarchical relationship between each fibroblast subpopulation. Furthermore, single-cell RNA sequencing of Foxl1-positive or mesothelial cell-derived fibroblasts may help unravel the variety of fibroblast sub-populations in the intestines.
Conclusion
Wnt signaling is an ancient mechanism involved in the generation of the primary body axis (56) . In addition, this system has been redundantly utilized to create lower hierarchical axes that generate structural units in a new organ/tissue. Having a number of small (microscopic) structural units facilitates increasing the organ size by structural duplication and regenerating damaged parts by ''copying and pasting'' intact structures. A variety of Wnt species have been preserved from cnidarians to vertebrates and arthropods (57) . Given the functions of each Wnt during development of various organisms, canonical and non-canonical Wnts appear to cooperate to establish tissue structures by forming and extending body axes, respectively. The intestinal crypt is evolutionally a relatively new structure, e.g. fish do not exhibit crypts (58) . It is a reasonable concept that the ancestor of mammals might have developed invaginations of the intestinal epithelium and housed stem cells at the bottom to protect them from growth-inhibiting metabolites derived from commensal microbes (59) . Therefore, comparing intestinal Wnt-expressing cells between different vertebrate lineages may unveil the mechanism of crypt formation.
